1

CHAPTER 1-INTRODUCTION
The Lower Carboniferous (Mississippian) is known worldwide for an abundance of shallowto deep-water limestone mounds, referred to as bioherms, carbonate buildups, mud-mounds, or even reefs (Bosence and Bridges, 1995) . They are unlike typical reefs formed by biogenic skeletal intergrowth or framework, and instead contain carbonate mud with varying amounts of interstitial bioclasts, large skeletal material, or peloids (Meyer et al., 1995; Monty, 1995) .
Similar carbonate mounds occur in the Lower Carboniferous globally, and are typically referred to as Waulsortian mounds (Lees and Miller, 1995) , after a locality in Belgium.
In south-central Kentucky and north-central Tennessee (Fig. 1) , the Lower Mississippian Fort Payne Formation is represented in a suite of naturally exposed outcrops and highway road cuts.
Carbonate buildups are commonly present in the area and are characterized by the presumed growth of autochthonous carbonate mud in the form of large mounds, subsequently colonized by vast communities of benthic organisms such as filter feeding crinoids and fenestrate bryozoans, brachiopods, corals, mollusks, and other, less common taxa (Meyer et al., 1995; Krause, 2004 ).
An important and unresolved aspect of the carbonate buildups is the environment of formation.
The water depths of the mounds within the Illinois Basin have been constrained based on rare occurrences of photoautotrophs and the lack of storm influenced sedimentary features.
Dasycladacean algae have been detected, but are rare (less than 1% of constituents) (Ausich and Meyer, 1990) and only indicate a depth somewhere in the photic zone, up to ~60 m (maximum depth range of dascylads), assuming the algae were autochthonous to the mound. To provide further, perhaps more detailed evidence to constrain water depth, microendolithic structures, intricate networks of borings produced by microscopic organisms of various trophic lifestyles that colonized stable carbonate structures, can be used as depth indicators for ancient basin analyses . The Fort Payne Formation provides an opportunity to use microendoliths to analyze water depth. In particular, a detailed analysis of Fort Payne microendoliths in the light of information available on a published microendolith photic zonation chart (Glaub, 1994) can clarify the photic levels within the Ft. Payne and, in conjunction with independently derived estimates, can help demonstrate the eutrophy of the ancient water column.
An analysis of the microendolithic communities throughout the green shale facies immediately Mississippian epeiric sea (Krause, 2004) . The
Borden Delta is known for its extensive deposits of siliciclastics (siltstones and shales) and its location shifted during the Mississippian away from the study area (Ausich and Meyer, 1990; Krause, 2004) .
Underlying and surrounding the carbonate mounds is a succession of fossiliferous green shales with interbedded tabular packstones, the result of storm influenced, periodic reworking of the Borden Delta siliciclastics (Fig. 2) . During the early Osagean (Fig. 3) local portions of the Borden Delta were abandoned as it moved northwards, resulting in episodic deposition from storm-influenced reworking of the Borden siliciclastics. Areas of exceptional fossil preservation within the shale, due to rapid burial events further support this theory (Krause, 2004) . Lowstand effects on pre-existing highstand deposits included channeling and deformation from slope reorganization, resulting in isolated areas of mounding within the green shale. The carbonate buildups were initiated and built up during a marine transgression, nucleating on the topographic highs of green shale mounds, and terminating at the maximum flooding surface during the early highstand. Green shale deposition resumed during the ensuing highstand, blanketing the mound and repeating the process during another sea level oscillation cycle ( Fig. 3 ; Krause, 2004) .
The composition of the atmosphere was changing dramatically during this time. Levels of atmospheric O 2 and CO 2 were changing drastically, with the largest and most abrupt decline in CO 2 and rise in O 2 seen at any time throughout the Phanerozoic (Berner, 2006; Riding, 2009 ).
The sharp decline in CO 2 likely had extreme consequences for photosynthetic microbes, including an increased pressure to actively incorporate bicarbonate to supplement photosynthetic ability (Badger et al., 2002) . This, in turn, should have enhanced bioinduced calcification in cyanobacteria (Riding, 2009) . Along with a drastic increase in phytoplankton productivity observed in the Devonian-to-Mississippian transition (Saltzman, 2005; Ulmishek and Klemme, 1990) , this transition suggests may have played a major an important role for bacteria in the production of the large carbonate mud deposits. 
Microendoliths
Microendolithic organisms are ubiquitous in marine environments, ranging from tropical intertidal and subtidal areas to as far north as temperate portions of Alaska (Vogel, 2003; Gektidis et al., 2007) . These endolithic organisms, collectively referred to as euendoliths (Godinot et al., 2012) form complex microscopic networks within calcareous substrates , penetrating several millimeters (Perry and Macdonald, 2002 ) with diameters of up to 100 µm (Gektidis et al., 2007) . The organisms that produce microborings include various groups that have followed convergent evolutionary pathways , including forms of cyanophytes, rhodophytes, chlorophytes, and fungi (Perry and McDonald, 2002) . These microorganisms evolved the ability to utilize carbonate material for shelter, taking direct advantage of the abundant CaCO 3 produced by multicellular life, including corals, ostracods, bivalves, bryozoans, and brachiopods (Chacón et al., 2006) . They can also penetrate blocks of limestone . Although endoliths can colonize abiogenic material such as experimental blocks of limestone and calcitic spar (Gektidis, 2007) , this is not to be expected in nature. Endolithic organisms have an innate preference for biogenic substrates, (e.g., hard molluscan shells, bryozoan zooecia, etc.), which provide stability from abrasion and dissolution. Soft substrates that can be easily abraded keep the organisms in a permanent state of attempted colonization due to substrate instability and colony destruction (Chacón, 2006) . Evolution of the ability to dissolve and utilize calcium carbonate substrates provided microendoliths a stable shelter that acted as a shield against ecological disturbance, resulting in evolutionary stasis in endolithic microorganisms (Wisshak et al., 2008) .
Endoliths produce traces that are faithful imprints of their own morphologies, which have changed remarkably little through time (Green et al., 1988; Golubic and Seong-Joo, 1999; Gektidis et al., 2007) . In a recent study completed on exceptionally well-preserved carbonates from the Upper Carboniferous (Wisshak et al., 2008) , not only was the abundance of taxa found to be similar to the present day, but, structurally, 17 of the 19 ichnotaxa discovered were very similar, if not equivalent to the microendolithic taxa of Recent deposits. Another study concluded that many ichnotaxa can be extended even farther back, pushing the range of most modern-day equivalent borings to the Ordovician (some cyanobacterial forms excluded, e.g.
Fascichnus frutex)
. Vogel and Brett (2009) provided evidence of the early stepwise radiation of microboring trace makers during the Late Ordovician, a time characterized as the "Ordovician bioerosion revolution" (Kobluk et al., 1978) . The relative evolutionary stasis since then has produced little change among microboring organisms, providing researchers with an opportunity to use a uniformitarian approach in relating microboring organism traces found today with the traces as far back as ~450 million years (Wisshak et al., 2008) .
Paleobathymetric distribution of microendoliths
Microorganisms have a variety of lifestyles, including endolithic, cryptolithic, pelagic, and benthic, but in the case of this study, only microendolithic organisms will be considered.
Photoautotrophs and heterotrophs that produce microendolithic trace fossils provide an invaluable tool for many paleoenvironmental determinations (Wisshak et al., 2008; Vogel and Brett, 2009) . Photoautotrophs require varying amounts of light to carry out photosynthesis, while heterotrophs do not require light to survive, and can be found in a variety of depths (Perry and Macdonald, 2002) . Microscopic benthic organisms settle in a given environment based on various physical parameters, including temperature, light, and nutrition (Gektidis et al., 2007) , and can therefore be used as a relative environmental indicator for ancient basin analysis (Vogel et al., 1987; Radtke, 1991; Glaub, 1994; Balog, 1996; Hofmann, 1996; Vogel and Marincovich, 2004) . Lower euphotic to dysphotic conditions in deep water are obviously less favorable for phototrophic organisms, whereas heterotrophs can be found at depths up to and even exceeding 500 m (Perry and Macdonald, 2002) . Therefore, relationships can be drawn between the microendolithic taxa present, the producing organism(s), amount of light available, and their preferred environment(s). Using neontological and paleontological studies, bathymetric zones have been identified with respect to ichnocoenoses (trace fossil communities). A series of six zones based on photic penetration have been described using this framework (Glaub, 1994) :
Shallow Euphotic Zones I, II and III, the Deep Euphotic Zone, the Dysphotic Zone, and the Aphotic Zone (Gektidis et al., 2007) .
In many studies from a range of localities, a pattern of organismal preference can be readily observed. Study sites as far ranging as the eastern Atlantic and the Caribbean (Golubic et al., 1975; Budd and Perkins, 1980; Gektidis, 1997) , the Mediterranean Sea (Schneider, 1976; Le Campion-Alsumard, 1978) , the Pacific Ocean (Hutchings, 1986; Chazottes et al., 1995 Chazottes et al., , 2002 Gektidis, 1999b; Vogel et al., 1999 , the NE-Atlantic (Wisshak et al., 2005) , and the Red Sea (Potts, 1980; Radtke and Golubic, 2005) all show a variation in microendolithic preference directly associated with the amount of available light. Cyanophytes tend to dominate the supratidal to intertidal zone; a mixture of cyanobacteria and chlorophytes is standard in shallow waters, whereas assemblages composed of mostly heterotrophs are found within the deep, dysphotic to aphotic zones (Gektidis et al., 2007) . 
CHAPTER 2-METHODS
Localities
Criteria for locality selection
The localities were carefully chosen based on essential criteria necessary for preservation of microendoliths in calcareous skeletal fossils. Silicified fossils, common within the Fort Payne, were unsuitable for microendolithic preservation. Apart from silicification, dolomitization and precipitation of intergranular calcite cement (Wisshak et al., 2008) can also fill in the small cavities produced by microorganisms. As shown in several studies, microboring traces can be infilled with micritic carbonate, in some cases sealing off fluid inclusions (Buijs et al., 2004) .
Obtaining samples directly from limestone is problematic for this reason, and was tested via epoxy embedment (described below); it was confirmed that the micro-textures in limestonebased fossils were lost due to these diagenetic processes. Calcareous fossil fragments found in the green shale that surrounds the carbonate mud-mounds within the Fort Payne were found to contain well-preserved microendolithic borings.
The localities investigated here represent clinoform deposition on the slope of the Illinois Basin during the Early Mississippian ( Fig. 2 ; Fig. 3 ) (Meyer et al., 1995) . At that time, the immense siliciclastic system of the Borden Delta was effectively shut off, allowing for development of limited sedimentation of green shale deposition and intermittent formation of carbonate mud-mounds. The localities in this study, apart from containing the necessary green shale deposits with the correct preservational potential, represent two transects ( Fig. 1) Hollow and Blacks Ferry appear to lack close association with carbonate mud mounds, and have been regarded to represent a more distal, basinal setting than localities on Lake Cumberland (Terry, 1989) .
The Dale Hollow locality also provided a unique opportunity for microendolith observation. Natural casts of microendoliths have been preserved in association with the internal molds of bryozoan skeletons within layers of green shale. A relatively complete picture of the abundance and infestation levels of bryozoans living in a distal, basinal setting could therefore be determined in this case without the use of epoxy impregnation. Samples found in the field were directly coated for SEM analysis.
Epoxy embedment technique
The method typically used for three-dimensional visualization of microendolithic communities is a cast-embedment technique, introduced by Golubic et al. (1970) . A variety of fossil substrates, including platyceratid gastropods, rugosan corals, and spiriferid brachiopods, were selected based on the criteria previously discussed. Specimens were thoroughly cleaned of excess shale material, and after being dried in a 60⁰C oven for 48 hours, the fossils were placed into a low viscosity epoxy resin (Epofix; Nielsen & Maiboe, 2000) and subsequently put into a desiccation chamber. Using a vacuum pump, the samples were held under vacuum while in the desiccation chamber, allowing the epoxy to infiltrate all pore space available for penetration.
After hardening (approximately 8 hours), the epoxy-embedded samples were cut so as to expose the concave surface of the carbonate material, leaving the external surface of the organisms (the surface exposed to the ocean) untouched. The carbonate was then dissolved using 5% dilute HCl and rinsed with distilled water to prevent any subsequent mineralization. This process leaves a 3-dimensional cast of the microborings, which can then be analyzed by low-power reflected-light microscopy and scanning electron microscopy (Golubic et al., 1970; Nielsen & Maiboe, 2000) .
Epoxy casts were Au/Pd-coated using a Denton Desk IV TSC -Turbo pump sputtering system and SEM analysis was carried out with a FEI 30XL ESEM in the University of Cincinnati Engineering Research Center.
Data Analysis
As noted earlier, the Dale Hollow locality provided a unique opportunity to find microborings directly as collectible samples from the field. Most fossils, including bryozoans, brachiopods, corals and echinoderms at this locality are preserved as natural molds, thereby providing exceptionally preserved siliciclastic molds of microborings. Utilizing this opportunity, the relative abundance of endolithic infestation within bryozoans was analyzed for this locality.
Complete ecological records of microendolithic assemblages are rare, even in modern day examples. Producing a comprehensive dataset of this preservational anomaly was therefore important for a complete understanding of the microfauna within the Mississippian epicontinental sea.
A total of 500 specimens of a variety of fossils were counted from slabs of green shale, collected from Dale Hollow. Slabs were counted only if there was at least one occurrence of a microboring found within the slab, to be consistent and to insure endolithic activity within the lifespan of the surrounding fauna. If microborings were present, every individual fossil on the slab was counted and recorded, noting the basic identification of fauna to phylum, presence or absence of endolithic infestation, and the estimated frequency of infestation in the fossils containing it.
Frequency of infestation was calculated as the percentage of specimens that were infested. 
CHAPTER 3-RESULTS
From the four localities sampled for microendoliths, a very limited inventory of microborers was catalogued, indicating a very restricted environmental setting. The endoliths present are almost entirely composed of heterotrophic traces, with a minor presence of photoautotrophic chlorophytes. Macroendoliths were also present in one locality (Table 1) .
Heterotrophic microborings
Orthogonum lineare Glaub, 1994 elegans. This trace is produced by the siphonalous chlorophyte Ostreobium quekettii, a photoautrotroph that can survive well in low light zones, utilizing photoadaptations (Schlichter, 1997) .
Cyanobacteria
Fascichnus dactylus Radtke, 1991; Fig. 6 The only taxon suggesting the presence of cyanobacteria is represented by this ichnotaxon. It forms thick, isolated carpets of borings, with varying penetration depth. The individual tunnels either bore vertically into the substrate, or in other cases, bore vertically but change direction at approximately half the length to parallel the surface. There appear to be locations on each individual tunnel that are constricted slightly, probably indicating the location of cellular cross walls (Radtke, 1993) . The diameter of the tunnels ranges from approximately 8 -13 µm. The likely producer of this trace is the cyanobacterium Hyella caespitosa (Radtke, 1993) .
Macroborings
Macrotubular form; Fig. 5 :E, K
The most common macroscopic boring traces are this unclassified macrotubular form.
They extend parallel to the substrate for several millimeters before terminating. The diameter of the tunnel ranges from 150 -450µm, and tapers distally. These traces are found either as isolated individuals, or as clusters that form small colonies. The modern producers of equivalent borings are phoronids or polychaete worms (Vogel & Brett, 2009 ) The presence of macroborers is restricted to Renox Creek, possibly because of the shallow low-stand deposition.
Data Analysis -Dale Hollow Fauna
As noted earlier, moldic preservation at Dale Hollow Lake allowed the direct observation of preserved microborings without any further laboratory preparation required for visualization.
This allowed for a community analysis and substrate preference for a large number of microborers in a single depositional locality. Because preservation was limited to the presence of only the heterotrophic endolith Orthogonum lineare, however, analysis of substrate preference and infestation levels could be determined based only on this single taxon.
Fossil substrates
Bryozoan substrates, both fenestrates and cryptostomates, have the largest presence of O.
lineare. The endolith infested the calcareous zooarium of the colonies. Due to the cylindrical nature of the individual fenestrate bryozoan branches, the heterotroph bored in a curved pattern that otherwise matches the straight morphology of the tunnels usually seen in flat substrates (Fig.   4-F for example) . The diameter of the tunnels and orthogonal branching pattern can still be seen, however, and can be used to identify the endolith. In some fenestrate colonies, the borings appear to prefer the dissepiments and readily colonize these connective branches to utilize most of the calcareous material. In these examples, the infestation levels around the branches containing the zooecium vary from slightly bored to heavily bored. This is most likely a sign 
Infestation Levels in Bryozoan Colonies
that the bryozoan was already dead when infested; the branches in live specimens would tend to fend off any endolithic organisms via passive predation, restricting the infesters to the connective dissepiments.
Other organisms counted in the data set included a variety of bivalves, brachiopods, gastropods, trilobites, and crinoid material (Fig. 7) . These represent a very small percentage of the total of 500 specimens; only 17.6‰ of the total included material that was not bryozoan in nature. Shelly organisms had infestation rates of approximately 30‰. Of the bivalves and brachiopods seen, approximately 25‰ were infested, whereas 75‰ of the gastropods counted were infested.
The trilobites and crinoids counted contained no microendoliths. Crinoids were a major part of the paleoecosystem of the Illinois Basin and provided an enormous amount of calcareous material that microendoliths might have been expected to utilize. This was not the case, however, and even in crinoids tested with epoxy embedment, microendoliths were completely absent.
This might relate to the nature of the echinoderm skeletal stereom. The calcitic stereom is highly porous, with mesodermal cells occupying the pore spaces during life. For reasons not entirely clear, it is apparently a substrate that is unsuitable for microendoliths microbes. The most likely reason is the lack of a completely solid skeletal carbonate in which to colonize. In support of this idea, echinoid fragments, coralline algae, and Halimeda grains from Jamaica were tested for endoliths and found to be very rarely infested (Perry, 1998) . Perhaps microendoliths require a solid calcareous substratum, but this seems counterintuitive, given that the pore spaces within echinoderm stereom should be essentially "move-in-ready" once the echinoderm dies. The case for trilobites is less certain, however, and perhaps it can be assumed that endoliths could not utilize the exoskeleton of the trilobites until it was shed as a molt. The trilobites found may be post-mortem exoskeletons as opposed to molts.
Levels of infestation
Infestation levels were recorded for each bryozoan specimen from Dale Hollow (Fig. 8) .
The results show a generally low level of infestation. More than 45% of bryozoans were not bored at all; 1-10% infested approximately 34% of samples; 11% -75% infestation levels are seen in less than 20% of the samples, and infestation of more than 75% is seen in less than 1% of samples. Approximately 78% of bryozoans were buried fast enough or were efficient enough at repelling microorganisms to avoid most endolithic activity (Fig. 8) .
CHAPTER 4-DISCUSSION
Implications for light availability
Using the data collected in conjunction with the index ichnocoenoses of photic zonation determined by Glaub(1994) The isolated presence of Fascichnus dactylus in the study area must be evaluated carefully. It is hard to reconcile finding cyanobacteria in a zone classified as approaching aphotic, but there are several mitigating factors that that could be responsible for this occurrence.
The first is the nature of the cyanobacterium that is the presumed producer of F. dacytlus.
Hyella caespitosa ranges from lower intertidal zones down to 100 m depth (Lukas, 1998; Le Campion-Alsumard and Golubic, 1985) . Although this is still well within the photic zone in the Bahamas, the stratigraphic position of the trace could explain this photic occurrence. Within the Renox Creek outcrop, the majority of the fossils tested came from the exposed top of a green shale mound, directly underneath a carbonate mud-mound. This exposure represents the boundary between two sequences within the outcrop, and is representative of a period of low stand that resulted in localized channeling, slumping, and slope reorganization. The spiriferid brachiopod that contained this cyanobacterium was either autochthonus in the green shale, or wastransported due to channeling or storm processes. Spiriferid brachiopods were rare and usually incomplete at Renox Creek, further supporting the hypothesis that they were transported.
The in situ hypothesis would only be possible if the cyanobacterium producing this trace were more robust and a more efficient photosynthesizer than previously documented. The isolated occurrence of this trace cannot definitively indicate photic conditions, however, and without further evidence of enhanced phototrophic capability, low-stand induced transport is the more plausible hypothesis.
Basin eutrophy
The high abundance of green/grey shale is indicative of an oxygenated sea floor (Lineback, 1968) The Fort Payne deposits in the study area contain both green/grey and black shale, and based on the results of this study, indicate a very low light availability, possibly less than 1% of light penetration, at relatively shallow depths. The maximum depth for the Fort Payne paleoshelf succession is no more than 100 m, determined from the decompacted thickness of the bedrock (Sedimentation Seminar, 1972) , and deposition of mound facies was just above maximum storm wave base (Khetani and Read, 2002) . This would typically mean depths within the lower photic zone, but with restricted photoautotrophs indicated by microendoliths and other phototrophic fossils (one case of dasycladacean alga (Ausich and Meyer, 2002) ). Turbid water conditions, however, decreased the reach of the photic zone substantially. Though the water may have been turbid from storm events, the main source of photic limitations appears to have been high productivity.
Phytoplankton and the rise of suspension feeders
The Devonian-Mississippian transition was associated with environmental changes worldwide that affected marine systems dramatically. As noted earler, the end-Devonian coincided with the steepest drop in atmospheric CO 2 (Berner and Kothavala, 2001 ) and rise in O 2 (Berner, 2006) observed during the Phanerozoic, likely caused by the rise of major groups of land plants that drew down CO 2 dramatically (Algeo et al., 1995) . This depletion in CO 2 had huge implications for photoautotrophic plankton, in particular cyanobacteria, which had biological mechanisms adapted for times of higher CO 2 (Raven, 1997) . Abundances of acritarch cysts dropped sharply, and the time has been termed a "phytoplankton blackout". However, the "blackout" may have been an artefact of a preservational bias (Riding, 2009) . Acritarchs evolved in a high-CO 2 environment and presumably could not cope with the changing atmosphere of the late Devonian as effectively as other planktonic groups. They were outcompeted by non-encysting algae that could accommodate 1) high nutrient levels that were suitable for heterotrophic nutrient uptake, and 2) the ability to utilize carbon from HCO 3 for photosynthesis by utilizing carbon-concentrating mechanisms (CCM). This resulted in a major reorganization of phytoplanktonic communities, with other groups replacing the predominant acritarch communities of the early Paleozoic (Riding, 2009) . Hence this was a time of major reorganization of the marine phytoplankton, marked by the loss of acritarchs, rather than an actual "blackout" with an implied scarcity of all phytoplankton.
Cyanobacteria and prasinophyte green algae have small cells and effective CCMs that aided in the developing dominance over acritarchs (Riding, 2009 ). The utilization of CCMs enabled phytoplankton to overcome carbon limitation, as occurs today in bloom conditions (Rost et al., 2003) , which allowed for enhanced productivity of CCM-possessing plankton (Kaplan and Reinhold, 1999) . Furthermore, high organic carbon stable isotope values (Saltzman, 2005) and widespread deposition of black shale supports the enhanced productivity hypothesis (Riding, 2009 ). An elevated abundance and diversity of suspension feeding organisms coincided with the atmospheric changes and planktonic community restructuring. The "Age of Crinoids" in the early Mississippian has long been a subject of curiosity and speculation, but the evidence is growing that a multitude of variables coincided to preferentially support the expansion of such organisms. Crinoids became so abundant that they formed regional encrinites (widespread crinoidal grainstones) and morphologically grew to occupy a variety of ecological tiers above the sediment-water interface (Ausich, 1980) , from meter-high camerates to millimeter-scale microcrinoids (Sevastopulo, 2008) . The food supply needed to support these radiations would have been immense. Extreme productivity influenced by the restructuring of planktonic communities that favor CCM's, in the face of falling atmospheric CO 2 levels, created a convergence of factors leading to the largest explosion of crinoid diversity ever seen.
In addition to atmospheric changes, a flux in the supply of oceanic nutrients may have assisted in triggering mass productivity. The upwelling of nutrient-rich, cool oceanic siliceous water throughout the epeiric sea has been proposed as a mechanism for the high productivity of suspension feeding metazoans (Lasemi et al., 2003) . Evidence of this is found in the Fort Payne, reflected in the extensive silicification of carbonates found throughout the formation. The nutrient-rich water was probably not the direct cause of the abundance of pelmatozoans and bryozoans, but indirectly caused the proliferation by enhancing the productivity of the microorganisms sustaining the macrofauna. The effects of the environmental changes aforementioned were not restricted to planktonic microorganisms, however, and directly affected the benthic microendoliths as well. The high productivity enhanced the success of the heterotrophic borers by providing them with an extremely abundant food supply.
CHAPTER 5-CONCLUSION
The microscopic ichnocoenoses of the Fort Payne Formation, including the heterotrophs
Orthogonum lineare, Orthogonum giganteum, Saccomorpha clava, and photoautotrophs
Ichnoreticulina elegans, and Fascichnus dactylus, are indicative of a dysphotic depositional environment for the green shale facies. The localities more proximal to the Borden Delta contain the only traces of photoautotrophic borings, whereas the distal localities are strictly heterotrophic, a product of either limited sampling, or more likely, light availability. This information suggests that the dysphotic zone was located at an unusually shallow depth, with a maximum of no more than 100 meters and probably even shallower, positioned between storm wave base and maximum storm wave base. Regardless of sea level changes, the depth of formation stayed within the minimum constraint of the dysphotic light availability. The mud mounds were not restricted to this bathymetric position, but were influenced by the environmental conditions found further up slope and down slope. Mound deposition was maximally restricted above the chemocline, as controlled by the fluctuating levels of productivity. Further upslope, the mounds could not nucleate and maintain themselves due to current action. This would have caused transportation of the mud into tabular sheets of limestone or caused winnowing of any carbonate mud produced. Rising sea level was the final factor necessary to initiate mud-mound growth, choking out the siliciclastic supply and allowing the microorganisms and suspension feeders to develop carbonate buildups on favorable topographic highs. The changing composition of atmospheric gases to extremely low levels of CO 2 induced CCMs in certain microorganisms that promoted overall productivity. High productivity was a common feature of epeiric seas of the Early Mississippian, and the Illinois Basin was no exception.
